Abstract. We present a density functional study on the geometric structure, electronic structure and spin transition of a series of Fe 2+ spin-crossover molecules, i.e., [Fe(abpt)2(NCS)2] (1), [Fe(abpt)2(NCSe)2] (2), and [Fe(abpt)2(C(CN)3)2] (3) with abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole in order to shed light on more about the dynamics of the spin-crossover phenomenon. All results presented in this study were obtained by using the exchange correlation PBE functional. For better accuracy, the hexadecapolar expansion scheme is adopted for resolving the charge density and Coulombic potential. Our calculated results demonstrate that the transition between the lowspin (LS) and high-spin (HS) states of these Fe 2+ molecules is accompanied with redistribution of atomic charge and reformation of molecular orbitals. These cause differences in the kinetic energy, the electrostatic energy as well as the total energy between the LS and HS states. The LS state is advantage in the kinetic energy in comparison to the HS state, while the HS state is advantage in the electrostatic energy. Moreover, the coulomb attraction energy between the Fe 2+ ion and its surrounding anionic ions plays a crucial role for spin crossover occurring.
I. INTRODUCTION
Transition metal complexes that exhibit a temperature dependent crossover from a low-spin (LS) state to a high-spin (HS) state have been prepared as early as 1908 [1] . In the last few decades, research into the preparation and properties of complexes that exhibit this effect has been extensive after it was discovered that spin state can be switched reversibly by pressure or light irradiation in solid samples [2] as well as in solutions [3] . Spin crossover (SCO) complexes are now very potential candidates for applications such as molecular switches, display and memory devices [4] .
Although the phenomenon of SCO is theoretically possible for octahedral d 4 -d 7 ions, it is quite frequently observed in complexes containing Fe 2+ and Fe 3+ [5] [6] [7] , and to a lesser extent in Co 3+ as well as Mn 2+ complexes. This situation highlights that to induce SCO in these complexes the ligands must impose a ligand field strength that results in a minimal difference between the octahedral splitting energy (∆) and the electron spin pairing energy (P ) in order for a minor perturbation results in switching between the LS and HS states. The electron spin pairing energy P strongly depends on nuclear charge of transition metal atoms. Indeed, a comparison between the Fe 2+ and Co 3+ complexes shows that, even though the Fe 2+ and Co 3+ ions have the same number of 3d electron (d 6 ), however, the Fe 2+ complexes usually exhibit SCO phenomenon, while the Co 3+ complexes with higher nuclear charge of Co 3+ usually stabilizes the LS state with S = 0. Similarly, SCO is rarely observed in Mn 2+ (d 5 ) complexes, in which the HS state is usually stabilized, in contrast to the isoelectronic Fe 3+ ion, for which many examples of spin conversion exist [8] .
As discussed above, the SCO phenomenon can be qualitatively explained by the ligand field model, however, this simple model is not enough to understand dynamics of the LS-HS transition, as well as to determine the total energy difference between the LS and HS states and the LS-HS transition temperature.
In this paper, to shed light on more about the dynamics of the SCO phenomenon, the geometric structure, electronic structure and spin transition of three Fe 2+ spin-crossover molecules with different ligand configurations have been studied based on Density-functional theory. They have the general chemical formula [Fe(abpt) 2 X 2 ] with abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole, and X = NCS, NCSe, and C(CN) 3 . Our calculated results demonstrate that the transition from the LS state to the HS states of these Fe 2+ molecules is accompanied with charge (electron) transfer from the Fe atom to its surrounding ligands, as well as reformation of molecular orbitals. These processes make changes in the kinetic energy and the electrostatic energy as well as the total electronic energy. Moreover, not only the pairing energy, but also the coulomb attraction energy between the Fe ion and its surrounding anionic ligand ions play a crucial role for SCO occurring.
II. COMPUTATIONAL METHODS
All calculations have been performed by using the DMol 3 code [9] with the double numerical basis sets plus polarization functional. For the exchange correlation terms, the generalized gradient approximation (GGA) PBE functional was used [10] . The effective core potential Dolg-Wedig-Stoll-Preuss was used to describe the interaction between the core and valance electrons [11] The overlapped electronic cloud between iron ion with ligands in the LS and HS states are much complex. It has a big fault by using octupolar expansion scheme to compute the energy difference between the LS and HS states that is the total electronic energy of the HS state underlying that of the LS state. For better accuracy, the hexadecapolar expansion scheme was adopted for resolving the charge density and Coulombic potential. The atomic charge and magnetic moment were obtained by using the Mulliken population analysis [12] . The real-space global cutoff radius was set to be 4.6 A for all atoms. The spin-unrestricted DFT was used to obtain all results presented in this study. The charge density is converged to 1 × 10 -6 a.u. in the self-consistent calculation. In the optimization process, the energy, energy gradient, and atomic displacement are converged to 1 × 10 -5 , 1 × 10 -4 and 1 × 10 -3 a.u., respectively. From the experimental crystal structure, the isolate single molecule has taken out then set in vacuum. In order to determine the ground-state atomic structure of the Fe 2+ molecules, we carried out totalenergy calculations with full geometry optimization, allowing the relaxation of all atoms in this molecule. In addition, to obtain both the geometric structures corresponding to the LS and HS states of the Fe 2+ molecule, both the LS and HS configurations of the Fe 2+ ion are probed, which are imposed as an initial condition of the structural optimization procedure. In terms of the octahedral field, the Fe 2+ ion could, in principle, has the LS state with configuration d 6 (t 6 2g , e g ) and the HS state with configuration d 6 (t 4 2g , e 2 g ). The spin transition states of these molecules were determined by using the Linear-SynchronousTransit method [13] .
III. RESULTS AND DISCUSSION
Three [Fe(abpt) 2 X 2 ] (X = various) molecules have the same [Fe(abpt) 2 ] skeleton but different in the X ligand with X = NCS, NCSe, and C(CN) 3 for (1), (2) , and (3), respectively, in which two equivalent chelating abpt ligands stand in the equatorial plane and two equivalent terminal nitrile anions (X) complete the coordination sphere in trans position, as shown in Fig. 1 . These molecules have been fully optimized by using the above computational method. Their computed molecular geometric structures are slightly different from experimental data reported in references [14, 15] , as tabulated in Table 1 . Here, it is noted that, these calculations have been carried out for isolated complexes in vacuum. This approximation neglects interactions between neighbouring molecules. Calculations which do not regard these interactions can therefore be different from the experiment. Nevertheless, such calculations for isolated molecules in vacuum may reveal information about the molecular contribution to substituent-induced shifts of SCO characteristics. This information can hardly be gained experimentally since any experiment with a solid sample will only reflect the combined influence of intra-and intermolecular interactions. Also we succeeded in predicting the geometric structure of the LS state of molecules (1) and (2) which are not available from experimental data. As shown in Table 1 , the Fe-N bond lengths of the LS state are always shorter that those of the HS state for all these Fe 2+ molecules. This can be explained in terms of ligand field theory. In molecules (1), (2) , and (3), the Fe 2+ ion is located in nearly octahedron forming by six anionic nitrogen ions, as shown in Fig. 1 2g , e 2 g ), five electrons belonging to the majority spin are distributed over all five 3d orbitals according to Hund's rule, the sixth electron that belongs to the minority spin enters a t 2g orbital. It is easy to see that e g orbitals are single occupied in the HS state, while they are empty in the LS state. As we known, the electron density in e g orbitals is direct toward six anionic nitrogen ions surrounding the Fe 2+ ion, while the electron density in t 2g orbitals is distributed along the bisector of the Table 1 . Fe-N bond lengths (inÅ) and N-Fe-N bond angles (in degree) of the LS and HS states of (1), (2) and (3) obtained from calculated results and experimental data [14, 15] . Experimental values are shown in italic. The average values of Fe-N bond lengths and N-Fe-N bond angles are shown in bold. N-Fe-N angles. Therefore, coulomb repulsion to anion nitrogen ions from e g electrons is stronger than that fromt 2g electrons. Consequently, the Fe-N bond lengths of the HS state are longer that those of the LS state. As shown in Table 1 , the Fe-N bond lengths are typically about 1.95 to 2.02Å in the LS state, increase by about 10% upon crossover to the HS state. Previous experimental studies reported that the SCO temperature (T SCO ) of (1), (2) and (3) is significantly different even though their mean values of Fe-N bond lengths are only slightly different. The T SCO is 180, 224 and 336 K for (1), (2) and (3), respectively. These results demonstrate that the mean value of Fe-N bond lengths is not enough to determine the T SCO of Fe 2+ molecules. The T SCO can be estimated by a simple model [16, 17] that is restricted to isolated molecules and requires only the knowledge of the difference ∆F = F HS -F LS between the free energy of the HS and LS states. In this model the temperature dependence of the molar HS fraction γ HS can be written as Eq. (1).
The free energy difference is a sum of three terms, the electronic energy difference ∆E, the vibrational energy difference ∆E vib , and the entropy difference multiplied by the temperature as Eq. (2). ∆F = ∆E + ∆E vib − T ∆S(T ) (2) Only the latter two terms on the right side of Eq. (2) are temperature dependent, whereas the electronic energy difference, which is in the order of a few thousand Kelvin, is in good approximation temperature independent. With the help of Equations 1 and 2 the transition temperature T SCO , that is implicitly defined by γ HS (T SCO ) = 1/2, can be written as Eq. (3).
Neglecting the vibrational energy difference ∆E vib , which is rather small in comparison with the electronic energy difference ∆E and in the range of the error margin of ∆E [18] , Eq. (3) simplifies to Eq. (4) where ∆S SCO denotes entropy difference at the transition temperature.
From the two quantities on the right side of Eq. (4) it seems to be the electronic energy difference ∆E, which is most sensitive upon small variations of the SCO molecules, such as substitutions on the ligands. Considering a given class of similar SCO complexes, one may as a crude approximation take the entropy difference at the transition temperature as a constant proportionality factor and write simply Eq. (5).
From Eq. (5), it is expected that the higher T SCO , the higher electronic energy difference between the HS and LS states (∆E). Indeed, our calculated results show that molecules (1), (2) and (3) have ∆E of 0.14, 0.18 and 0.20 eV, repectively. It poses a question what makes the difference in ∆E between these molecules. To shed light on this question, we carried out calculating energy components, including the kinetic energy (K), the electrostatic energy (E coulomb ) and the exchange-correlation energy (E xc ). The values of K, E coulomb and E xc of the LS and HS states of (1), (2) and (3) are tabulated in Table 2 . The difference in K, E coulomb and E xc between the LS and HS states of (1), (2) and (3) is also listed in Table 2 . As shown in Table 2 , the kinetic energy difference and the electrostatic energy difference between the HS and LS states are significant in comparison to the total electronic difference for all these Fe 2+ molecules, while the exchange-correlation energy difference between the HS and LS states is always small. These results demonstrate that the total electronic energy difference is mainly contributed by the kinetic energy difference and the electrostatic energy difference. The electrostatic energy difference between the HS and LS states is negative for all these Fe 2+ molecules, and its absolute value increases in order of (1), (2) and (3). In contrast, the kinetic energy difference between the HS and LS states is positive for all these Fe 2+ molecules, and increases in order of (1), (2) and (3). Therefore, the disadvantage in the kinetic energy of the HS state in comparison to the LS state is the reason for the total electronic energy of the HS state being higher than that of the LS state. Also, these results reveal correlations among the total electronic energy difference, the kinetic energy difference, the electrostatic energy difference and the SCO temperature of these Fe 2+ molecules. One may say that the SCO temperature of these Fe 2+ molecules is proportional to these energy differences.
As mentioned above, the kinetic energy of the LS state is more negative than that of the HS state for all these Fe 2+ molecules. This can be understood in terms of molecular orbitals (MOs). In a molecule, MOs are formed by hybridization between atomic Table 2 . The calculated energy components of the LS and HS states of (1), (2) and (3), including the kinetic energy (K), the electrostatic energy (E coulomb ) and the exchange-correlation energy (E xc ). Also, as presented above, the electrostatic energy of the HS state is more negative than that of the LS state, even though the Fe-N bond lengths of the LS state are smaller than those of the HS state. This is due to disadvantage in pairing energy of the LS state in comparison to the HS state. However, the electron-electron pairing energy is usually in the range of 2-3 eV. Therefore, only the disadvantage in pairing energy of the LS state in comparison to the HS state is not enough to explain magnitude of difference in the electrostatic energy between the LS and HS states of (1), (2) and (3). The electrostatic energy differences between the LS and HS states of (1), (2) and (3) are several times larger than the pairing energy, as shown in Table 2 . As we known, the transition from the LS state to the HS state is accompanied with expansion of bond lengths, especially the bonds between the Fe and six surrounding N atoms. This can cause redistribution of atomic charge, especially charge of the Fe and six surrounding N atoms. To elucidate this, the atomic charge of (1), (2) and (3) has been calculated. Our calculated results show that the atomic charge of (1), (2) and (3) in the HS state is larger than that in the LS state, especially charge of the Fe and six surrounding N atoms, as tabulated in Table 3 . For example, the charge of Fe atom in the HS state of (3) is over twice larger than that in the LS state, and the charge of N atoms increases by about 1.14 to 1.41 times upon crossover from the LS to the HS state. One may say that charge (electron) is transferred from the Fe ion to six surrounding N ions upon crossover from the LS to the HS state. This causes the Fe ion becoming more positive and six anionic N ions becoming more negative. Hence, the coulomb attraction energy between the Fe ion and six surrounding N ions becomes more negative by transition from the LS state to the HS state which contributes to advantage in the electrostatic energy of the HS state in comparison to the LS state.
IV. CONCLUSIONS
The geometric structure, electronic structure and spin transition of a series of three Fe 2+ spin-crossover molecules have been studied based on Density-functional theory in Table 3 . The charge of Fe and six surrounding N atoms in the LS and HS states of (1), (2) and (3).
(1) (2) (3) nLS (e) nHS (e) nHS/nLS nLS (e) nHS (e) nHS/nLS nLS (e) nHS (e) nHS/nLS order to shed light on more about the dynamics of the spin-crossover phenomenon. Our calculated results show that the transition from the LS state to the HS states is accompanied with charge (electron) transfer from the Fe atom to ligands, as well as reformation of molecular orbitals. These processes make changes in the kinetic energy and the electrostatic energy as well as the total electronic energy. The LS state is advantage in the kinetic energy in comparison to the HS state, while the HS state is advantage in the electrostatic energy. Moreover, our calculated results demonstrate that not only the pairing energy, but also the coulomb attraction energy between the Fe ion and its surrounding anionic N ions play a crucial role for SCO occurring. The results should be helpful for developing new SCO molecules.
